environments. This sensor does not require knowledge of the emissive properties of the sample being measured. The key to the operation of this sensor is the narrow band emission exhibited by rare earth ions (Re) such as ytterbium (Yb) and erbium (Er), in various host materials. Depending on the host material this sensor will operate at temperatures greater than 1700°C. Most atoms and molecules at solid state densities emit radiation in a continuous spectrum much like a blackbody. However, the rare earths, even at solid state densities, emit radiationin narrow bands much like an isolated atom. The reason this occurs is the following. For doubly (Re *+) and triply charged (Re +++ ) ions of these elements in crystals the orbits of the valence 4f electronics, which accounted for visible and near infrared emission and absorption, lie inside the 5s and 5p electron orbits. The 5s and 5p electrons "shield" the 4f valence electronics from the surrounding ions in the crystal. As a result, the rare earth ions in the solid state emit in narrow bands, much like the radiation from an isolated atom. The rare earths of most interest for the optical temperature sensor have emission bands in the near infrared (800 _<_, <3000 nm).
Development
of the rare earth optical temperature sensor has resulted from research on rare earth containing selective emitters for thermophotovoltaic (TPV) energy conversion, z In that research we have found that rare earth doped yttrium aluminum garnet (RexYt3_xA15Olz) where Re=Yb,Er,Tm or Ho is an excellent selective emitter. It is chemically stable at high temperatures (>1500 C) and produces emittances of e(L) --0.7 in the emission bands.
In the following section the theory of the operation of the sensor is presented. Following that discussion, experimental results verifying the sensor operation will be presented. In the final section conclusions will be drawn. Figure 1 is a schematic drawing for the rare earth optical temperature sensor. The sensor consists of 5 components; a rare earth containing end piece, an optical fiber, a narrow band optical filter, an optical detector, and electronics to convert the detector output to a temperature. The rare earth containing end piece, which is in contact with the sample to be measured, is attached to the optical fiber. Radiation from an emission band of the rare earth, which is proportional to the sample temperature, passes through the optical fiber to the bandpass filter. Where eb(_.) isthehemispherical spectral emittance intotheoptical fiberandeB(_.,Ts) istheblackbody emissive power 3atthetemperature, Ts, oftherareearth containing end piece.
II. THEORY OF OPERATION
c2= hco/k = 14.388x106 nmK (3b)
Where coisthespeed oflightin vacuum, h isPlank's constant andkis Boltzmann's constant. Weassume thattheemission band oftherareearth iswider thanthebandwidth (_ < _. < _.,) of the optical filter. In other words, 8b(_.) > 0 for _ < _, < L,. Also, the transmittance of the optical filter, 'r.
Therefore, if the optical filter transmittance is r4(_,), then the power impinging on the detector, qa(_.,Ts), is the following.
The term Ed is the fraction (F,d -< 1) of the radiation that leaves the end of the optical fiber and reaches the deiector. It is a geometrical factor that does not depend on _, or T_ and is called the view factor or configuration factor 3 for the fiber to the detector. Included in "_ (_.) is the loss of radiation that escapes out the sides of the optical fiber, as well as, absorption losses.
In using equation (4) for the radiation power arriving at the detector the following approximations are being made.
(1) radiation leaving rare earth containing end piece is uniform across A, ( 2) The filter transmittance, 'r.f,optical fiber transmittance, x,, and the spectral emittance, 8b, depend only on wavelength. (3) Only radiation originating from the rare earth end piece reaches the detector.
: ?
If the rare earth containing end piece is of uniform thickness and at a uniform temperature in the direction parallel to the surfaceof the end piece then approximation i will be applicable, since q_ (_.,Ts) is Small absorption in the Optical fiiter and fiber wiii_e smali so _a(xf and x. will be independent of qs(_.i Ts) and depend oniy On L_Howeveri:if a _:
significant temperature drop(AT/Ts >.05)occurs across therareearth containing endpiece then Eb will bea function ofT, aswellas,t.2Tominimize thiseffect therareearth containing endpiece must bethin(<0.05 cm), butnottoothin.Theemittance, eb, depends onthefilmthickness. 2 If the film is too thin (<0.005 cm) the emittance will be reduced to a value such that q_ is too small to be detected. The indices of refraction of the optical fiber and rare earth containing end piece will change slightly with temperature. We neglect this effect on eb and % If the sample being measured has large emittance within the emittance band of the rare earth then this sample radiation will contribute to qs. This background radiation can be eliminated by placing a low emittance material such as platinum (Pt) between the sample and the rare earth containing end piece. In the experiment to be discussed in the next section, Pt foil was placed between the sample and the rare earth containing end piece. Any radiation, that impinges on the sides of the optical fiber will not reach the detector. This radiation will merely pass through the fiber in wavelength regions where the fiber is transparent or be absorbed in wavelength regions of high absorption (t > 5000 nm for sapphire). None of this radiation will be refracted such that it can reach the detector as long as the index of refraction of the fiber is greater than the index of refraction of the surroundings. Now consider the relation between the detector output and the temperature, T,. A photovoltaic (PV)
detector, such as silicon, is used to convert the radiation input into a current output. A photoconductive detector could also be used as the optical detector. However, a silicon PV detector was chosen because of its superior detectivity, time constant and low cost. 4 The equivalent circuit 5 for a photovoltaic device is shown in figure 2. The current generated by the input radiation is iph, the current that flows if a potential V is applied when the device is in the dark is idark and the output current that flows through the load is i. The series resistance is R_ and the shunt resistance is Rsh. Applying Kirchhoft's Law to the circuit loop containing Rs and P_h yields the following.
The dark current is the following. 5
Where i,at is the so-called saturation current, e is the electric charge and Ta is the temperature of the device. Since V = VL + iR_ equation (5) becomes the following.
Since this current output will be feed into an operational amplifier that acts like a short circuit (VL = 0), the current is the following.
•
We now assume that the photovoltaic detector has very small series resistance (1_ --->0). This is a good approximation for silicon detectors. 5 In that case the exponential term in equation (8) goes to one. Therefore, the short circuit output current equals the photon generated current. The photon generated current is given by the following equation. 5
Appearing in equation (10) is the spectral response of the PV detector, Sr (1), which gives the current generated per unit of radiation power incident on the PV detector. In using equation (10) we are assuming that the PV detector responds to all radiation within the limits (_ < _. < _.<) of the optical filter. In other words, Sr(t) > 0 for _ < _. < _._. Substituting equation (4a) in equation (10) yields the following result for i_.
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To proceed further we must have information on the wavelength dependence of % % eb and Sr. The most simplification occurs if the bandwidth of the optical filter is so small that % % eb, Sr and eB are constant for ;_ < k < _.,. In that case equation (11) Fa is the detector to optical fiber view factor. In that case equation (12) becomes the following.
Solving this equation for 1/T_ yields the following result.
= kf [in C -In i sc (T s )] (14) Ts c2
Where,
The constant C, which is independent of T. can be determined by a calibration procedure. At some known calibration temperature, To, the short circuited current i_c(T¢) is measured. Therefore, lnC= c2 + lnisc (Tc) (16) _,fT c and
Therefore, with the appropriate analog electronics the measured short circuit current, i_, of the PV detector can be converted to a temperature, "Is.
Remember that equation (17) was derived assuming that % % eb and Sr are constants for _ _<k < _.,. This 
B. Temperature Error
Consider the temperature error that results from using equation (18) for the short circuit current. Let i_¢t(Tst) be the short circuit current corresponding to the true temperature, Tat. Let i_cdTs_) be the short circuit current that has a corresponding temperature, Ts_, and is in error from the true short circuit current, isct, by the factor, p. As a result the following expression applies.
isce (Tse) = Pisc t (Tst)
Using equation (19) and equation (17) In the case of the A_f = 25 nm and _ = 950 nm optical filter just discussed, the maximum error in i_¢that results from using equation (18) is less than 3 percent for 620 < T, < 2500 K. Therefore, p = 0.97 and Tst -Tse Tst --< 2.0x 10-6 Tst 620 < T s < 2500 K (21) K f = 950 nm, AK f = 25 nm Therefore, ifTst = 2500 K then Tat -T_: < 12.6 K is the maximum possible error in T_ for A)w = 25 nm optical filter for 620 < T_ < 2500 K. For the A_,f = 10 nm and Lr = 950 nm optical filter the maximum error in isc is less than 0.65 percent for 620 _<T_ < 2500 K. Therefore, p = 0.9935 and From these results we conclude that temperature errors resulting from the use of equation (18) for isc will be less than IK for a temperature sensor that uses the M = 950 nm, _,f = 10 nm filter over most of the useful temperature range.
C. Temperature Limits
What is the useful temperature range of the sensor? The upper temperature limit is set by the durability of the material and has already been discussed. However, the lower temperature limit is set by the minimum short circuit current, i_:, that can be measured. To estimate this lower temperature limit we make use of the results of Thus, for AXe= 25 nm with all other conditions the same yields Co = 13.8 A and a temperature limit ofT_ = 720 K.
However, it must be remembered that AM = 25 nm results in a larger error in Ts than the AM = 10 nm case. Based on the results just discussed, a lower temperature limit of the order of 700 K should be possible with a silicon detector and optical fiber of 1 mm diameter. Using a larger diameter optical fiber and detector will result in a lower temperature limit. However, the larger optical fiber will also result in a larger temperature error since thermal conduction away from the sample will be larger.
D. Response Time
The time behavior of the output of the rare earth containing end piece of the sensor, qs, depends on how fast the end piece reaches a steady state temperature after a change in the sample temperature, T_(t). This response time,
"_,will be much larger than the transmission time of q_ through the optical fiber and filter since they occur at the speed of light. The response time of the detector and electronics should also be much smaller than "_.Therefore, the response time of the end piece, "_,will determine the response time of the sensor.
Assume the end piece behaves in a one-dimensional manner so that its temperature is governed by the onedimensional heat conduction equation.
32T OT kth 3x--T+pCp _ =0 (24)
Where t is time, x is the coordinate perpendicular to cross sectional area, A,, of the end piece, kth is the thermal conductivity, p is the density and cp is the specific heat. If equation (24) 
HI. EXPERIMENTAL VERIFICATION OF SENSOR OPERATION
To verify that equation (17) applies for determining the temperature, Ts, the experiment shown in figure 3 was used. The sensor consists of a 0.055 cm diameter sapphire fiber with an erbium aluminum garnet 0Er3A15Oz)
emitter of thickness, d = 0.03 cm attached with platinum (Pt) foil. Erbium has an emission band at _. = 1000 nm. The Pt foil serves two purposes. First of all it holds the emitter to the end of the fiber and secondly it blocks all radiation from the sample being measured. The thin (=0.005 cm) Pt foil will produce negligible temperature change between the sample and the emitter. In this case the sample being measured is Pt foil with a type R platinum versus platinum (13 percent) rhodium thermocouple attached behind the Pt foil. The Pt sample is held with an alumina holder, which is located in the center of a high temperature atmospheric furnace. At the other end of the sapphire fiber is a chopper and monochromator, which serves as the optical filter with a bandwidth of A_ ---2 nm. A silicon detector converts the radiation leaving the monochromator to a short circuit current, i_¢,which is measured with a lock-in amplifier. The experimental procedure to verify equation (17) (17) is valid then Ts = TTc. In figure 4 the sample temperature, T_, calculated from equation (17) is plotted as a function of the thermocouple temperature, Txc, for two different ranges. In figure 4 (a) the range is 863 < TTc -< 1430 K and in figure 4 (b) the range is 1334 < Trc < I879 K.
As figure 4 shows the agreement between T_ and Tvc is excellent. The largest error, err = ]TTc -Ts[/TTc , occurs at the lowest temperatures. For figure 4(a), errMAx = 0.03 and for figure 4(b), errMAx = 0.008. As a result of this close agreement between T_ and Trc we conclude that equation (17) is valid for determining the sample temperature, T,, from the measured short circuit current, i_¢. Figure 5 shows the lock-in amplifier output, which is directly proportional to the short circuit current, i_,, as a function of T_ for the same conditions as figure 4(b) . Two things should be noted. First of all, because of the exponential dependence of i_con Ts (eq. (18)) the sensor sensitivity increases with temperature. As figure 5 shows for high temperatures (> 1100K) a small change in T_ results in a several millivolt change in amplifier output. Thus, we expect 1K temperature resolution at high temperature. The second thing to note is even though the monochromator bandwidth is small (=2 nm), the amplifier output is many millivolts. Therefore, the electronic circuit
thatconverts i_ toTs(eq. (17))will operate withalarge input signal, which should eliminate electronic noise problems.
IV. CONCLUSION
The operation of the rare earth optical temperature sensor has been experimentally verified. For the temperature range 863 < T _<1430K the maximum temperature deviation of the sensor temperature from a measured thermocouple temperature was 3 percent. For the temperature range 1334 < T _<1879K this error was reduced to 0.8 percent. Calculations show that a simple relation (eq. (18)) between temperature and detector output can be used to determine the temperature. The error resulting from using this relation will be less than 1K. Material durability limits the upper temperature of the sensor. Using a yttria optical fiber and rare earth oxide emitters the upper temperature limit should be approximately 2000°C. The lower temperature limit is determined by the minimum signal that can be detected. This limit is calculated to be approximately 700 K ifa silicon detector is used.
Response time of the detector will be determined by how fast the emitter responds to a temperature change. This response time was estimated using the equation for thermal conduction.
Results indicate that response times the order of msec are possible. Because of the exponential dependence of sensor output on the temperature we expect temperature resolution of 1 K to be possible.
The electronics package to convert the sensor output to a temperature is under development. This electronics package can be designed using commercially available parts. Thus the most expensive component of the sensor is expected to be the optical fiber.
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